The last 125 million years captures major changes in the chemical composition of the ocean and associated geochemical and biogeochemical cycling.
Introduction
Reconstructing records of seawater sulfate and atmospheric oxygen are central to understanding Earth surface change over the last four billion years [6@Canfield, 2004,21@Hayes and Waldbauer, 2006] . Through the Phanerozoic, where geological and geochemical records are more robust, more refined estimates of the concentration and isotopic composition of seawater sulfate are possible [1@Bergman et al., 2004 , 2@Berner and Canfield, 1989 , 29@Kampschulte and Strauss, 2004 , 33@Lowenstein et al., 2003 , 34@Lowen-stein et al., 2001 , 39@Paytan et al., 1998 , 40@Paytan et al., 2004 . For instance, fluid inclusion records suggest large and bidirectional changes in sulfate concentrations over the Phanerozoic [5@Brennan et al., 2013 , 22@Horita et al., 2002 , 33@Lowenstein et al., 2003 ,34@Lowenstein et al., 2001 . Sulfur isotopic records from various mineral phases are also variable [7@Canfield and Farquhar, 2009, 29@Kampschulte and Strauss, 2004] , with the rate of change related to sulfate concentrations [48@Wortmann and Paytan, 2012] .
Matching sulfur isotopic and concentration records can, however, be challenging to interpret given the uncertainty associated with any given isotopic or concentration record.
Fortunately, a high precision isotopic record is possible for the last 125 Ma -present via authigenic barite minerals extracted from deep sea cores [39@Paytan et al., 1998 ,40@Paytan et al., 2004 .
The sulfur isotopic composition of seawater sulfate is controlled by the same set of fluxes and mechanisms that establish and drive changes in seawater sulfate concentrations. The controls on both the concentration and isotopic composition of seawater sulfate are sulfate inputs to the ocean via oxidative weathering and evaporite dissolution, c 2016 American Geophysical Union. All Rights Reserved.
with delivery via rivers [?] . These inputs are countered by sulfur removal through hydrothermal and sedimentary sulfide minerals, as well as sulfate mineral sinks (evaporites, anhydrite, and carbonate associated sulfate). Each of these input and output fluxes carry their own unique, time-dependent isotopic composition [18@Halevy et al., 2012] . The control on each is partly environmental, tectonic, and biological and each carries characteristic timescales for change. At present, however, the large marine sulfate reservoir (3.9x10 19 mols [41@Petsch and Berner, 1998 ]) is buffered against perturbations given the long residence time (≈ 10 7 years, [8@Claypool et al., 1980] ) and resultant well-mixed ocean isotopic composition (e.g. [26@Johnston et al., 2014] ). However, this not always the case throughout earlier intervals of earth history when sulfate concentrations may have be substantially lower.
It is within this framework -balancing inputs and outputs -that marine barite records have been interpreted. The composition of seawater sulfate as recorded in barite shows a distinctive and quite perplexing structure (Fig. 1 [30@Kurtz et al., 2003 ,39@Paytan et al., 1998 , 40@Paytan et al., 2004 , 48@Wortmann and Paytan, 2012 ). Namely, the last 125
Ma is marked by a series of three relatively stable isotopic compositional periods (120-100
Ma, 95-50 Ma, and 45-5Ma), separated by abrupt transitions (denoted by color scheme on figures). Notably, standard approaches thus require either massive and punctuated changes in fluxes or intrinsic fractionations, an exceedingly small sulfate reservoir, or some combination of both. This is simply to satisfy the rate of isotopic change. Further, from first principles, changes in fluxes should manifest as an isotopic decay related to the size of the forcing, and modulated by the residence time of sulfate at that time. In c 2016 American Geophysical Union. All Rights Reserved.
originally interpreting these records, Paytan and colleagues rightfully evaluated possible biogeochemical and tectonic controls on marine sulfate [39@Paytan et al., 1998 ]. A more mathematically driven C -S study [30@Kurtz et al., 2003 ] followed shortly thereafter and, similarly, explored the changes necessary to the sulfur cycle in order to account for barite δ 34 S records. Often, the interpreted driver of δ 34 S changes is a major swing in pyrite burial in a low sulfate ocean. Ensuing studies moved away from pyrite burial and brought sulfate evaporite distributions to bear on the δ 34 S record [48@Wortmann and Paytan, 2012, 47@Wortmann and Chernyavsky, 2007] . For instance, massive evaporite deposition associated with the opening of the south Atlantic in the early Cretaceous [20@Hay et al., 2006 ,47@Wortmann and Chernyavsky, 2007 ,48@Wortmann and Paytan, 2012 both pyrite burial and evaporite burial/weathering, each of which would carry a different multiple sulfur isotopic consequence for marine sulfate.
Materials and Methods
The barite samples analyzed in this study are the same as those presented previously for the δ 34 S composition [39@Paytan et al., 1998 , 40@Paytan et al., 2004 . For that original work, barite minerals were chemically separated from core material and processed to convert barite to silver sulfide. This Ag 2 S was generated prior to our study. Here, we fluorinated Ag 2 S to generate SF 6 at both the University of Maryland and Harvard University. In both labs, an excess of F 2 is introduced to a reaction vessel containing the sample. The vessel if heated for ≈ 8 hours to ensure a complete conversation of Ag 2 S to SF 6 . The product SF 6 is cleaned cryogenically and chromatographically prior to introduction to a dual inlet gas source mass spectrometer (Thermo Scientific MAT 253). 24@Johnston et al., 2007 ,23@Johnston, 2011 ,10@Farquhar et al., 2003 , 11@Farquhar and Wing, 2003 ]:
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For these data, we assume a composition of VCDT relative to IAEA-S-1 of -0.3 , 0.107 , and -0.5 for δ 34 S, ∆ 33 S and ∆ 36 S.
Results
The minor isotope records documented below were generated from the same silver sulfide 
Discussion
The isotopic variability preserved within marine sulfate records over the last 125 million years can be explained by a combination of purely mass-dependent isotope effects, meaning that the isotopic fractionation mechanisms scale with the mass differences of the isotopes [51@Young et al., 2002 , 36@Miller, 2002 , and mass conservation effects that arise from the mixing and unmixing of pools with different isotopic compositions (e.g. [9@Farquhar et al., 2007] 2005b , 49@Wu et al., 2014 , 50@Wu et al., 2010 , 42@Sim et al., 2015 . ., 1985 , 13@Fry et al., 1986 , 52@Zerkle et al., 2009 
A 125 million year record of seawater sulfate
The interpretation of barite records can be approached with a number of different goals.
First, when the data are coarsely binned according to the time domains displayed in Figure   1 (see also Figure 3 , where the asymmetry is evident in the 95% confidence intervals.
Despite the nature of the distributions, Figure 2 Ma, and places limits on how changes in certain fluxes might be contributing to these records.
This treatment can be handled more rigorously. In traditionally interpreting δ 34 S records, the fraction of sulfur leaving the oceans as pyrite (f py ) is commonly the metric of interest [2@Berner and Canfield, 1989 , 6@Canfield, 2004 , 7@Canfield and Farquhar, 2009 ]. In such treatments, the microbial effects are often summarized as single, constant fractionation factor (captured as 34 ) so that the only variable is the fraction of burial [30@Kurtz et al., 2003, 19@Halverson and Hurtgen, 2007] . In much the same way, there are isotopic consequences in 33 S and 36 S that relate how mass is partitioned within the marine sulfur cycle. The difference comes from with the varying definitions of various isotope notations. Mixing relationships are effectively linear in δ 3x S but non-linear in ∆ 3x S. This is more thoroughly discussed elsewhere [9@Farquhar et al., 2007 ,23@Johnston, 2011 .
In order to test the sensitivity of the isotopic composition of sulfate, and specifically To introduce isotope systematics to the model, we have used isotope ratios directly, and utilized the trace-abundance approximation ( 32 F ≡ F) [9@Farquhar et al., 2007] . In this case, the bulk mass-balance equations for a single box ocean can be written as:
where dM 0 dt is this the rate of change in the concentration of the seawater sulfate reservoir, and F w , F ev , and F py are the weathering, evaporite deposition, and pyrite burial fluxes, respectively. The isotope mass balance equation (e.g. for 34 S) can be written accordingly:
Expanding equation 4, incorporating equation 3, and assuming that 34 R ev = 34 R oc , yields the following non-steady state equations, in this case written for 33 S and 34 S:
Assuming that the fractionation associated pyrite deposition remains constant, the following substitution can be made:
Using a finite difference approach, equations 7 and 8 can thus be solved for the case where both M 0 and 3x R 0 are changing with time. Figure 
